We propose a nanostructured three-dimensional ͑nano-3D͒ solar cell design employing an ultrathin hydrogenated amorphous silicon ͑a-Si:H͒ n-i-p junction deposited on zinc oxide ͑ZnO͒ nanorod arrays. The ZnO nanorods were prepared by aqueous chemical growth at 80°C. The photovoltaic performance of the nanorod/a-Si:H solar cell with an ultrathin absorber layer of only 25 nm is experimentally demonstrated. An efficiency of 3.6% and a short-circuit current density of 8.3 mA/ cm 2 were obtained, significantly higher than values achieved for planar or even textured counterparts with three times thicker ͑ϳ75 nm͒ a-Si:H absorber layers. © 2011 American Institute of Physics. ͓doi:10.1063/1.3567527͔ To achieve a high energy conversion efficiency, a solar cell must be thick enough for sufficient light absorption, yet it must be thin enough for efficient carrier collection. [1] [2] [3] Recently, the applications of nanocoax, 1 nanocone, 4, 5 nanodome, 6 nanopillar, 7, 8 nanorod, 2,3,9-13 and nanowire [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] structures for solar cells have attracted great interest. Compared to the conventional planar thin film counterparts, the nanostructured devices demonstrate the benefits of enhancing charge collection and improving light absorption simultaneously, due to their unique geometry. In the axial direction the absorber ensures sufficient light absorption, whereas in the radial direction it guarantees efficient carrier extraction.
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Among the nanostructured photovoltaic devices, Si nanowire-based radial p-n junction solar cells have attracted most attention. Si nanowires can be prepared by various approaches, such as wet chemical etching, 18 reactive ion etching, 4, 23 and vapor-liquid-solid methods. 15, 17, 19, 20 However, all these methods either use a Si-wafer as starting material or employ a high synthesis temperature, consequently it is uncertain whether these approaches will ultimately reduce material usage and/or energy consumption. In contrast, our approach focuses on a simple fabrication process at low temperature with low material usage. Zinc oxide ͑ZnO͒ nanorod arrays were used as the backbones because they can be easily prepared on various cheap substrates such as glass or even flexible plastic by solution-deposition at a temperature below 100°C. [25] [26] [27] [28] [29] Furthermore, for the solution-deposition of ZnO nanorods, there is no substrate size limitation and no need for expensive and sophisticated lithographic techniques. We employ hydrogenated amorphous silicon ͑a-Si:H͒ as the absorber material rather than CdSe/CdTe, 3, 7 In 2 S 3 ,
CuInS 2 , 11,12 InP, and GaP, 24 since silicon is a nontoxic thin film photovoltaic material that is abundantly available. Figure 1͑a͒ represents a schematic of the nanorod solar cell design in a cross-sectional view. The ZnO nanorods were synthesized at 80°C during 3 h in a mixed aqueous solution with a concentration of 0.0005 mol/L ͑M͒ zinc acetate dihydrate and 0.0005 M hexamethylenetetramine. After sputterdeposition of a flat ZnO seed layer on glass, the substrate was immersed in the solution, holding ZnO film side downward. From the x-ray diffraction result ͑not shown͒ it is found that high-quality hexagonal single-crystal ZnO nanorods were prepared. The diameter of the nanorods calculated from high-resolution scanning electron microscopy ͑HRSEM͒ image ͑not shown͒ varies between 40 and 180 nm, with an average value of about 112 nm. The average length is approximately 400 nm and the site-density amounts to about 7 ϫ 10 8 / cm 2 . A silver layer of a thickness of about 20 nm was sputtered over the nanorods, followed by a ZnO:Al transparent conductive oxide ͑TCO͒ layer of a thickness of about 38 nm. Then, the deposition of an a-Si:H n-i-p layer stack was carried out in a multichamber deposition system which is described elsewhere. 30 To provide conformal coverage, the intrinsic ͑i-͒ layer was deposited by hot-wire chemical vapor deposition ͑CVD͒ ͑Ref. 31͒ using SiH 4 :H 2 ͑30:60͒ as source gasses, whereas plasma-enhanced CVD was employed for the deposition of the p-and n-layers. B͑CH 3 ͒ 3 and PH 3 were utilized for p-and n-doping, respectively. The arrays were sputter-coated with 4 mmϫ 4 mm squares of transparent conducting indium tin oxide ͑ITO͒ layer of a thickness of 35 nm after the deposition of the a-Si:H n-i-p layers. Gold top-grid contacts were evaporated onto the square ITO pads defining the area of the cells, leaving an active cell area of 0.13 cm 2 for each cell. Figures 1͑b͒ and  1͑c͒ show HRSEM top-view ͑tilted 45°͒ and sectional-view images of the completed nanorod solar cells, respectively. The average thicknesses of the applied layers were determined by measuring the growth in diameter of the coated nanorods in HRSEM images after each individual layer deposition; Table I shows the results. The HRSEM imaging was performed with a Philips XL30SFEG microscope. The data show, that with an ultrathin i-layer of a thickness of only about 25 nm, the nanorod solar cell ͑NR25͒ has an energy conversion efficiency ͑͒ of 3.6%, which is significantly higher than the 3.0% and 2.6% achieved for the textured and the planar counterparts that even have three times thicker i-layers of 75 nm. The flat reference cell ͑F75͒ was built on flat glass and the textured reference cell ͑T75͒ was deposited on a commercial standard Asahi U-type glass. The short-circuit current density ͑J sc ͒ of the nanorod cells is 1.7 and 1.4 times higher than that of the planar and the textured reference cells, respectively. An open-circuit voltage ͑V oc ͒ of 0.79 V is observed in the nanorod devices with a fill factor of 0.55, both of which are slightly smaller than these parameters in the two reference cells. Figure 2͑b͒ exhibits the corresponding external collection efficiency ͑ECE͒. As expected from the J sc values in Fig.  2͑a͒ , a broad ECE profile with a maximum of 0.58 at around 470 nm is obtained for the nanorod devices. This is significantly higher than that obtained for the planar and the textured devices. The ECE results demonstrate that more photogenerated charge-carriers are effectively collected in the nanorod devices, due to the thinner i-layer thickness and the unique nano-3D geometry.
In the nanorod solar cells, however, the unique nano-3D geometry not only allows the absorber in the axial direction to capture deeply penetrating photons ͑the red part of the spectrum͒, but there is also considerable enhancement in the blue response, as can be seen in Fig. 2͑b͒ . The principle of orthogonalization of light absorption and carrier collection in our nanorod system is similar to that in Kelzenberg et al. ' s Si nanowire arrays 19 and Zhu et al.'s Si nanocone arrays, 4 except that the present substrate is an inexpensive alternative that requires no lithographic patterning and no catalysts for growth of the vertical nanorods.
Bulk recombination and surface recombination in a semiconductor limit the V oc . 32 For the planar and the textured structure, bulk recombination is dominating, whereas for the nanorod geometry, surface recombination adversely affects the V oc due to the increased internal surface area in comparison to that in devices either on planar or textured surfaces. 2, 3, 9, 11 This demonstrates that limitation of surface and interface states is crucial for further optimization of these nanorod cells.
In summary, we have demonstrated a nano-3D solar cell concept that was prepared without lithographic patterning. An energy conversion efficiency of 3.6% has been obtained for nanorod solar cells with an ultrathin ͑about 25 nm͒ a-Si:H absorber layer. The effective carrier generation in the nano-3D geometry results in a higher efficiency in the nanorod devices even though the absorber layer is three times thinner than that in the planar and the textured solar cells studied. The simple and scalable fabrication process makes our nanorod/a-Si:H design a scalable system for low-cost efficient photovoltaic applications in the future. F75  100  100  75  80  T75  100  100  75  80  NR25  20  38  25  35 FIG. 2. ͑Color online͒ ͑a͒ J-V measurements of the flat ͑F75͒, the textured ͑T75͒, and the nanorod ͑NR25͒ solar cells. Inset shows the cell characteristics for each device. ͑b͒ The corresponding spectral response curves.
